INTRODUCTION
More than ten years ago Boenig et al. (1, 2) investigated the application of gamma irradiation with a cobalt-60 source to cigarettes prior to smoking. In these studies continued by Severson et al. in 1975 (3) , it was found t~at the smoke of irradiated cigarettes contains less cond, ensate and similar components and also fewer free radicals than their respective non-irradiated controls. Seve. rson et al. remarked that gamma irradiation of cigarettes has no major effects on smoke composition. The present report is an extension of the work of Severson et al. (3) in that it includes not only studies on to-' bacco smoke composition but also those involving physical and chemical changes occurring in the tobacco itself rather than the finished cigarette.
The irradiation of organic compounds may result in a variety of chemical changes brought about by ionization, free radical formation, chain reactions and the like. These transformations include hydrolysis, oxidation, halogenation, nitration, decarboxylation, polymerization, degradation and the like depending on the compound or compounds irradiated and the conditions of irradiation (4, 5) . The reactions do not always follow the lines which would be predictable on thermo-chemical grounds and this renders the field of radiation chemistry especially interesting. Reactions in complex or natural environs (such as tobacco) are not completely predictable due to the presence of possible accelerators and/or quenchers of the irradiation effects ( 6) . In addition to the chemical effects induced by highenergy or ionizing radiation, physical and biological effects are also encountered (7, 8, 9) . These include sterilization of microbial species, expansion of cell walls due to gas release, and appearance of fluorescence.
,,. Presen ted at the 30th Tobacco Chemist s' Research Confer ence, Nashville, Tennessee, October 18-20, 1976.
EXPERIMENTAL

Radiation Source and Conditions
In the present studies, the radiation source was a highspeed electron accelerator, the Dynamitron II, manufactured and operated by Radiation Dynamics of Plainview, N.Y. In all experiments the unit was operated at 3 million volts and 20 milliamperes. Under these conditions and for single-sided irradiation, the effective penetration depth for an electron is about 0.5 inches in water or 12 inches in air. The dose or delivered energy in all cases is expressed as megarads (Mrad), · where one Mrad is equal to 10 8 ergs of energy deposited per gram of material. The unit was operated in such a way as to deliver 2 Mrads per pass. To ensure nearly uniform dose throughout, the samples were turned often during multiple exposure so that there was irradiation on both sides of the container. In all cases, irradiation of the sample was carried out in sealed, low-density polyethylene bags [2 mils (.051 mm) thickness J. The purpose of this shield was to prevent ozone interaction with tobacco. (It is well known that ozone is produced from oxygen within the exposure chamber (7).) In this way, the effects of ozonization were kept to a minimum and would only occur as a result of ozone formed from air trapped inside the bag. For some samples even this latter ozone formation was entirely eliminated by flushing the contents of the bag with nitrogen prior to sealing. Ozone generated outside of the bag did not penetrate but preferentially reacted at the surface of the polyethylene (10) . In order to establish a desired level of radiation exposure for the tobacco, an initial sample was exposed to 10 Mrads by multiple passes. Visual inspection of the sample did not show evidence of gross changes. Irradiation was continued until a total of 50 Mrads had been delivered, at which point there was no question that the DOI: 10.2478/cttr-2013-0457
sample had been altered. Therefore, levels no higher than 50 Mrads were used throughout these studies. This is comparable to the maximum levels used by Severson et al. during their studies (3).
Tobacco and Cigarette Source
Fully cured, high-quality, whole leaf Virginia Bright tobacco was used in these studies. The leaf was not destemmed prior to irradiation. Chemical tests (Series 1 and 2, Table 1 ) were carried out on materials ground to approximately minus 100 mesh in a Wiley mill, while physical tests and observations were performed on unground material.
Smoke analyses were performed only on materials exposed to 50 Mrads (Series 2, Table 1 ). In this case it was found that the whole leaf could not be handled conventionally for the production of cigarettes even after humidification. For this reason, irradiated and non-irradiated materials were ground and made into reconstituted tobacco sheets by the Microflake® slurry process (11, 12) . After shredding to 32 cuts/inch, the shreds were converted to cigarettes on an AMF Chico Model CCM maker.
ANALYTICAL PROCEDURES
All solubility measurements were made using Soxhlet extractors with an extraction time of 16 hours. The tobaccos were between 9 and 12 O/o in moisture; however, corrections were made so all values are reported on a dry weight basis. The pre-dried flasks, which contain condensate, were · taken to near dryness on heating mantles then placed in an oven at 105 °F ( 40.6 °C) for 6 hours before weighing. Reducing sugars were extracted using a procedure employing methanol, acetic acid and charcoal ( 13) . The determination step was reduction of ferricyanide and then a titration with eerie sulfate to the ortho-phenanthroline ferrous sulfate end point (14) . The procedure was modified so that the final tobacco aliquot taken for titration contained 2.0 ml of methanol and 0. carried out in such a way that the total phenol content of each aliquot did not exceed 775 ~tg. Using these modifications and collecting 250 ml of distillate, recoveries in the range of 100 ± 4 °/o for known quantities of added phenol were obtained. Gas phase from machine-smoked cigarettes was collected in teflon-lined bags adapted with Roberts clamp-on valves. Carbon monoxide and carbon dioxide contents of gas phase were determined by an infrared analytical procedure. Isoprene, acetaldehyde, acetone, and acrolein were determined by gas chromatography, using a 24' X 1 / 4'' stainless steel column packed with 10 °/o Carbowax 600 on 80/100 mesh Chromosorb W which was acid washed. The column was operated isothermally at 65 °C. Retention times were: 7.35, 11.11, 16.64 and 18.69 minutes, respectively.
RESULTS AND DISCUSSION
Two separate batches of Virginia Bright whole-leaf tobacco were irradiated during the present studies as indicated in Table 1 . In the first series, the tobacco was divided into seven groups. One group served as the unirradiated control. Three groups were irradiated in an air atmosphere and three in a nitrogen atmosphere at Table 1 . Virginia Bright whole-leaf tobacco prepared for the current studies. radiation levels of 10, 25 and 50 Mrads. Examination of the tobacco after 50 Mrads irradiation indicated a drying of the tobacco, a discoloration or browning (which reportedly (6) can be induced by ionizing radiation), an expansion or puffing of the midrib stems, extreme fragility, and an obvious deterioration in the aroma characteristics. The tobacco stems were so weakened that they could be reduced to a fine powder simply by rolling them between the fingers. The sample irradiated to 25 Mrads had an obvious change in its aroma, and drying of the tobacco was apparent. The stems were brittle and broke like dry twigs when put under stress but did not crumble to dust. The sample irradiated to 10 Mrads was changed in aroma, but the stems were neither dry nor brittle. They were merely soft or spongy to the touch. Samples irradiated under nitrogen appeared to be the same as those irradiated in air. Because of this, air was used as the atmosphere for all the tobacco irradiated in the second series at 50 Mrads. The purpose of this second series was to provide a large sample, produced under a condition that resulted in an obvious and substantial effect, for conversion into cigarettes and subsequent chemical analysis of the smoke as well as for selected chemical analysis of the tobacco itself.
Coolidge (20) had reported that "when a portion of the leaf of a rubber plant is rayed (cathodic) with 1 milEampere for as long as 20 seconds, the rayed area becomes immediately covered with white latex, as though the cell walls had, in some way, been ruptured". Puffing of tobacco under ionizing radiation is therefore not unexpected. However, the extreme ease with which the tobacco stems exposed to 50 Mrads would disintegrate to dust prompted -further study of the physical changes induced. Therefore a cross-section of a 50 Mrad irradiated sample of midrib was examined microscopically and compared with cross-sections of freeze-dried and puffed tobacco samples prepared from the same lot of tobacco. The freeze-dried sample was prepared by Dr.
W. ]ohnson of North Carolina State University. The puffed sample was prepared in our laboratories in accordance with a patented process (21) . Only the midrib section of the leaf was examined in all cases because of the ease of sample preparation and since the effects were more visually obvious than with lamina. Photomicrographs are presented in Figure 1 . The unirradiated control shows the normal configuration of cells in the tobacco stem. In the freeze-dried sample, cellular expansion occurs outside the xylem region and, as expected, no cellular rupture is evident. The puffed Tobacco stem (midrib) cellulose (magnification: 200 X -polarized light) .
Control sample, on the other hand, shows evidence of cellular expansion and rupture, again outside the xylem region. Cellular rupture is not unexpected in this sample and is probably due to sudden vaporization of the imbibed volatile solvent (Freon 11) upon exposure to microwave energy. Neither the freeze-dried nor the puffed materials were fragile and they could not be disintegrated under mild pressure. They both retained a certain amount of elasticity. With the irradiated sample there is cellular expansion outside of the xylem, with practically no rupture of the cell walls. This is most likely due to the simultaneous depol ymeriza tion of the cell wall constituents w hi eh renders the cell much more elastic and therefore susceptible to expansion without rupture and the release of water vapor and other . gases generated by the heat build-up in the sample from the high flux irradiation. Inspection of the xylem of this sample shows cellular disorder whereas the other samples do not show this phenomenon. It is felt that this disorder, caused by penetration of the xylem with energetic electrons and their localized release of energy, is responsible for the extreme fragility of the sample. Even though the photographs in Figure 1 are quite demonstrative of the physical effects induced by radiation on tobacco, the full dramatic impact of the disruptive effect is not fully appreciated until one inspects Figure 2 .
The photomicrographs in this figure were taken using polarized light. In this way only birefringent material is seen and this is invariably associated with crystalline structure or molecular orientation as is found in cellulose fibers. In the photographs, the background appears black and the cellulosic material appears white. The control represents a sample of untreated stem that has been taken through a cellulose isolation scheme (22) . The other sample is one of an irradiated stem that has not been taken through the same scheme. Since the irradiated stem was so fragile, in order to preserve integrity as much as possible, it was photographed by merely suspending it in water. This is the reason why more nonbirefringent material is evident in this photograph. Inspection of the photographs shows the typical spiral or 278
Irradiated (50 Mrad)
helical formation of tobacco stems. In the case of the control, spiral segments are well ordered and in close proximity to one another. For the irradiated sample, one gets the impression that the sample has been "blown" apart -the spiral coils look like springs that have been stretched and deformed. The bundles of cellulose fibers have been shattered, broken, separated and the welldefined order between the rows of coils is gone. This feature is accompanied by a depolymerization of cellulose and pectin. Chemical evidence in support of this statement is discussed below. It is this deformation that probably accounts for the extreme fragility of the sample. The first series of seven samples was prepared for chemical analysis by separating the lamina from the stem after irradiation. Only the lamina portions were examined for chemical differences.
In Table 2 quantitative data are listed for the extractives of lamina with several non-polar and moderately polar solvents. The data in brackets are for the tobacco irradiated in a nitrogen atmosphere; the rest of the data are for tobacco exposed in an air atmosphere. The trend with hexane is similar for both the air and nitrogen irradiated samples and in every case the amount of extractives has decreased compared to the control. This indicates that at least some materials, usually soluble in this solvent, such as lipids, sterols, terpenes and waxes, hav e been modified by irradiation. The decreased amount of ex tractiv es for the irradiated samples versus the control is obvious with each solvent shown, but there is no clear trend among the irradiated samples themselves which can be related to dosage level. This general effect of decreases in the amount ex tractable with these relatively non-polar solvents could be due to an oxidative mechanism which would likely produce fairly polar degradation products.
In Table 3 the results of extra ction studies with polar solvents on the same test "amples are presented. In these cases the data show that irradia tion has increased the amount of ex tractives. For water, the increase appears to be related to dosage level. At the 50 Mra d level, the quantity of extractives has been increased by 40 0/ 0 . This large increase must be caused by degradation and fragmentation of polymeric chains. For the other solvents shown, no clear trend in extractability v~rsus dosage level is apparent and there were no significant differences for samples irradiated 111 a1r versus those irradiated in nitrogen. Data are presented in Table 4 for nicotine, reducing sugars, dex trin and cellulose levels in control and irradiated samples. In the case of irradia tion in air, n icotine content was progressively reduced as dose increased. For the 50 Mrad sample, nicotine content of both leaf and stem was reduced by 65 and 60 °/-o, respectively. With Results w ere essentially the same in air and in nitrogen. This reduction is not surprising in light of the drastic physical changes observed v isually and previously shown in Figures 1 and 2 .
Since pectin is present in the cell walls of all plant tissues and is known to function in combination with cellulosic material as an intercellular cementing substance, the large reduction in cellulose content prompted us to investigate pectin contents. These data are presented in Table 5 . At a dose of 50 M rad, total pectin was fo un cl to be reduced by about 25 °/o. In view of the cellulose data and the physical changes observed in the samples, a larger reduction in pectin content h ad been expected. However, it should be remembered that the pectin analysis depends on hydrolysis of pectin to galacturonic acid and subsequent determination of the latter. In fact, pectin data is expressed as percent by weight galacturonic acid. The total pectin method, therefore, does not differentiate between polymerized and depolymerized pectin and the data therefore can be somewhat misleading. Consequently, a second analysis was performed and is presented in Table 5 as "low molecular weight pectin". This analysis involves the precipitation and removal of high molecular weight pectins with calcium ions, followed by analysis of the remaining and soluble low molecular weight pectins, as galacturonic acid. Inspection of Table 5 reveals the substantial increase in this fraction as the irradiation dosage increases indicating a high degree of pectin depolymerization. The second series of Virginia Bright whole leaf tobacco was prepared as indicated in Table 1 . Since the irradiated tobacco could not be handled conventionally, the whole leaf was converted by the Microflake® process to reconstituted tobacco sheet prior to cigarette manufacture. The unirradiated control was handled in the same manner. In this section, therefore, selected chemical analyses of tobacco were performed on ground whole leaf rather than on either lamina or stem as in Series 1. Selected chemical analysis data are presented in Table 6 and indicate the following changes due to irradiation:
1. The cellulose and crude fiber contents were drastically reduced (approximately 60 °/o).
2. There was an increase in the amount of extractables in polar solvents, especially in water (approximately 30 °/o).
3. The dextrin content was very substantially increased. 4. Total pectins were slightly decreased. Analysis for "low molecular weight" pectins previously described was not performed. However, there was evidence of depolymerization from the observation that pectin isolated from the irradiated sample did not gel in an acidified acetone medium. 5. Tannins or polyphenols and lignin were also examined on this sample. The tannins were found to be significantly reduced while the lignin was somewhat increased. 6. Reducing sugars were found to be slightly decreased in this second series. 7. The nicotine values were reduced to about the same level as in the first series, but the percentage reduction was not as large.
In Table 7 are listed the results obtained on the particulate phase of cigarettes made from tobacco irradiated to 50 Mrads and aliquots made from unirradiated control tobacco. The cigarettes were 85 mm non-filter. They were smoked to a 23 mm butt length on a piston-type smoking machine using a 35 cm 3 puff for 2 seconds duration taken once every minute. Total particulate matter and FTC condensate (nicotine-free dry particulate matter) were slightly higher for the irradiated sample. These findings differ from those previously reported (1, 2, 3) .
Nicotine was found to be considerably reduced as previously reported (3 ). Colorimetric phenols were increased in the irradiated sample but burn rate remained unchanged. Table 8 shows the results of several selected gas phase analyses made on these same cigarettes. The data indicate that for these components, there were no significant changes between the two samples and confirm the data 
